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ABSTRACT
We report a study of the H30  line emission at 1.3 mm from the region around Sgr A  made with the Submillimeter
Array at a resolution of 2   over a ﬁeld of 60   (2 pc) and a velocity range of –360 to +345 km s 1.T h i sﬁ e l d
encompassesmostoftheGalacticcenter’s“minispiral.”WithanisothermalhomogeneousHiimodel,wedetermined
the physical conditions of the ionized gas at speciﬁc locations in the Northern and Eastern Arms from the H30  line
dataalongwithVeryLargeArraydatafromtheH92  lineat3.6cmandfromtheradiocontinuumemissionat1.3cm.
Thetypicalelectrondensityandkinetictemperatureintheminispiralarmsare3–21 104 cm 3 and5000–13,000K,
respectively. The H30  and H92  line proﬁles are broadened due to the large velocity shear within and along
the beam produced by dynamical motions in the strong gravitational ﬁeld near Sgr A .W ec o n s t r u c t e dat h r e e -
dimensionalmodeloftheminispiralusingtheorbitalparametersderivedundertheassumptionsthatthegasﬂowsare
in Keplerian motion. The gas in the Eastern Arm appears to collide with the Northern Arm ﬂow in the “Bar” region,
which is located 0.1–0.2 pc south of and behind Sgr A .F i n a l l y ,at o t a lL y m a nc o n t i n u u mﬂ u xo f3 1050 photons
s 1 is inferred from the assumption that the gas is photoionized and the ionizing photons for the high-density gas in
the minispiral arms are from external sources, which is equivalent to  250 O9-type zero-age-main-sequence stars.
Key words: Galaxy: center – Hii regions – ISM: individual objects (Sgr A) – ISM: kinematics and dynamics –
radio lines: ISM
Online-only material: color ﬁgures
1. INTRODUCTION
The Galactic center harbors a supermassive black hole
(SMBH) with a mass of about 4.2   106 M  (Ghez et al. 2008;
Gillessen et al. 2009)a tt h ep o s i t i o no ft h er a d i os o u r c eS g rA  .
The inner parsec of the Galactic center region contains a rich
cluster of stars, including at least 55 OB stars within the cen-
tral 0.5 pc (Paumard et al. 2006). There are several theories to
explain how these stars got there. In situ formation, as in gi-
ant molecular clouds, is improbable because of the stars’ large
velocity dispersion. The accretion sequence may or may not
include the formation of an intermediate mass black hole in a
super-dense stellar cluster that stabilizes the cluster against tidal
disruption (Hansen & Milosavljevic 2003). The mystery of the
formation of these stars is closely linked to the balance of mass
inﬂow andoutﬂow toward theGalactic center and itsinteraction
with the source Sgr A .I n f a l lo fi n t e r s t e l l a rm a t e r i a lm a yl e a d
to star formation up to a certain radius from the SMBH, and the
subsequent feedback from stellar mass loss may suppress fur-
ther star formation. Both phenomena may determine whether
Sgr A  is in a quiescent state of the active galactic nuclei cycle
(Loeb 2004).
Earlierradiorecombinationline(RRL)studies(Schwarzetal.
1989;R o b e r t s&G o s s1993;R o b e r t se ta l .1996)r e v e a l e d
complex structures of ionized gas, including the “minispiral”
and “Bar,” whose dynamics remain unclear. Parts of these
structures have been modeled as gas orbiting Sgr A  (Schwarz
et al. 1989;S a n d e r s1998;P a u m a r de ta l .2004;V o l l m e r&
Duschl 2000;L i s z t2003;M u ˇ zi´ ce ta l .2007;Z h a oe ta l .
2009)w h i l eo t h e rp a r t so ft h es t r u c t u r e sm a yb eg r a v i t a t i o n a l l y
unbound (Yusef-Zadeh et al. 1998). Another possibility is that
4 Hubble Fellow.
some of the nearby stellar clusters (IRS 13 and IRS 16) have
powerful winds that, with the help of gravitational focusing,
create large-scale, unbound ﬂows (e.g., Lutz et al. 1993).
There are a number of limitations in the existing spectral line
observations of these structures. In the centimeter-radio images
made with the Very Large Array (VLA),5 the recombination
line strength is low, the line-to-continuum ratio is low, and
the bandwidth is limited, making high-velocity line wings
especially difﬁcult todetect. Intheinfrared, thepicturegiven by
the emission lines from the ionized gas is subject to corrections
for dust extinction of  3m a gi nt h ec e n t r a lp a r s e c( S c o v i l l e
et al. 2003;B u c h h o l ze ta l .2009;S c h ¨ odel et al. 2010). A few
key questions about the ionized medium associated with Sgr A 
are as follows.
1. Is the ionized material related to stars or star formation?
2. Is the ionized material streaming freely in the central
gravitational potential, or do other mechanisms such as
stellar winds and shocks inﬂuence the dynamics?
3. What are the column densities (or emission measures
(EMs)), densities, kinetic temperatures, and dynamics of
the Hii gas in the vicinity of Sgr A  itself?
In this paper, we present new observational results on the
ionized gas in the central parsec of the Galaxy based on
observations of the H30  line made with the Submillimeter
Array (SMA)6 and we interpret them in combination with
5 The Very Large Array (VLA) is operated by the National Radio Astronomy
Observatory (NRAO). The NRAO is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities,
Inc.
6 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astronomy
and Astrophysics and is funded by the Smithsonian Institution and the
Academia Sinica.
10971098 ZHAO ET AL. Vol. 723
Table 1
Summary of the H30  Line Observations at   = 231.901 GHz
Date (yyyy-mm-dd) tobs on Sgr A  Tsys Arraya Calibrators
(hr) (K)
2006-04-08 1.79 96 C 3C273b,C a l l i s t o c
2006-05-28 3.99 173 E 3C279b,U r a n u s b,J 1 9 2 4 - 2 9 2 b,C a l l i s t o b,c
2006-07-17 2.19 146 V 3C279b,J 1 9 2 4 - 2 9 2 b,C a l l i s t o c
2007-03-31 3.67 108 C 3C273b,C a l l i s t o c
2007-04-01 3.35 126 C 3C273b,C a l l i s t o c
2007-04-03 1.99 93 C 3C273b,C a l l i s t o c
2007-04-04 1.93 103 C 3C273b,C a l l i s t o c
2007-08-14 3.63 115 E 3C279b,N R A O5 3 0 c
2007-08-20 4.94 95 E 3C454.3b,N R A O5 3 0 c
2007-08-31 4.19 134 E 3C454.3b,N R A O5 3 0 c
2008-05-05 2.67 156 C 3C273b, Ganymedec
Notes.
a Array conﬁguration: C = Compact; E = Extended; V = Very extended.
b Calibrator: bandpass.
c Calibrator: ﬂux density scale.
previous H92  and continuum measurements made with the
VLA. Section 2 discusses the observations and data reduction.
Section 3 presents our results and the modeling of the physical
conditions and dynamics of the ionized gas in the vicinity of
Sgr A .S e c t i o n4 discusses the ionizing properties and possible
links to the massive star formation in the central parsec, and
Section 5 summarizes the results and conclusions. We assume
ad i s t a n c eo f8k p ct oS g rA   throughout the paper. At this
distance, 1 pc corresponds to 24  .
2. OBSERVATIONS AND DATA REDUCTION
2.1. SMA H30  Line Data
The H30  line observations reported here were obtained
with the SMA as part of a key project on the Galactic center
in the period of 2006–2008. Our data comprise 11 tracks
(Table 1). In all cases, the pointing center was the position
of Sgr A ,a n dt h eh a l f - p o w e rb e a mw i d t ha tt h e2 3 1 . 9 0 1G H z
frequency of the H30  recombination line was 53   (2 pc at the
distance of Galactic center). The 2 GHz bandwidth of the SMA
correlator corresponds to a velocity range of ±1300 km s 1.
Six tracks were taken in the compact array conﬁguration, where
the synthesized beam was 5.   1   3.   2. Five higher-resolution
tracks were also acquired, four in the extended conﬁguration
(1.   5 1.   1resolution)andoneintheveryextendedconﬁguration
(0.   7   0.   4).
Calibrations of the data were carried out in Miriad (Sault
et al. 1995)w i t ht h es p e c i ﬁ ci m p l e m e n t a t i o nf o rS M Ad a t a
reduction.7 The system temperature correction was made in
post-processing to compensate for amplitude attenuation owing
to Earth’s atmosphere. Using the calibrators listed in Table 1,
we determined the antenna-based bandpass solutions for each
observing track, and the bandpass corrections were applied to
the visibility data. The ﬂux density scale was determined from
observations of planets. Phase corrections were made using the
point source model of Sgr A ,c o n v e n i e n t l yl o c a t e da tt h ec e n t e r
of the ﬁeld, based on self-calibrations. The continuum emission
was subtracted from the spectral data using the Miriad task
UVLIN for both the point source ( 3J y )a n dt h ee x t e n d e d
emission ( 3J y ) .
7 http://www.cfa.harvard.edu/sma/miriad
We constructed the H30  line image cube with robust
weighting (R = 2) (Briggs 1995). The synthesized FWHM
beam was 1.   9 1.   5( P . A .= 26 ). In order to compare the SMA
images with the VLA images of the H92  line and 22 GHz
continuum emission, the SMA image cube was convolved to a
circular beam of 2  .T h ei n t r i n s i cr e s o l u t i o no ft h ec o r r e l a t o r
was 3.2 MHz, or 4.2 km s 1.W es m o o t h e dt h es p e c t r at oa
resolution of 15 km s 1 with a Miriad task. For this paper, we
selected the velocity range of –360 to +345 km s 1 for analysis.
We found no signiﬁcant emission beyond this range. The rms
noise level of each channel image was 7 mJy. The image of the
integrated H30  line is shown in Figure 1 along with spectra
in the directions of known infrared sources. Figure 2 shows
the distribution of radial velocities determined from ﬁtting the
peak velocities of the H30  line proﬁle in the central 40   of the
ﬁeld. Notice the large velocity gradients along the Northern and
Eastern Arms. The Western Arc does not show well in the SMA
H30  databecausemostofthelineemissionisbelowtheSMA’s
4  sensitivity limit. It is detected, however, in single-dish H30 
data taken with the IRAM 30 m telescope.
2.2. VLA H92  Line Data
The detailed calibrations and imaging of the H92  line data
have been described by Zhao et al. (2009). They used the line
image cube convolved to a circular beam ( FWHM = 2  ), the
same size as that of the H30  line cube. Figure 3 shows a
comparison of the spectra of the H92  and H30  lines toward
selected regions containing IR sources. Table 2 lists the line
ﬂuxes and their ratios in these spectra.
2.3. Continuum Data at 22 GHz
The continuum image at 22 GHz was obtained with the VLA
high-resolution (A and B arrays) data set of 2005 described
in Zhao et al. (2009)a n dt h eV L Aa r c h i v a ld a t as e t so b s e r v e d
in C and D arrays during 2004 and 2005. The data reduction
procedure described in Zhao et al. (2009)w a sf o l l o w e d .S g rA  
and the X-ray transient source (J174540.0290031) 3   south of
Sgr A  were removed from the visibility data prior to imaging.
The image of continuum emission was constructed from the
visibility data with a long-baseline cutoff (  100k )t oa c h i e v e
asynthesizedFWHMbeamof1.   95 1.   41.ThedirtyimagewasNo. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1099
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Figure 1. Image of the H30  line intensity integrated from the velocity range between  360 and +345 km s 1 with the cutoff of 30 mJy beam 1 ( 4 ) in each of
the channels. The color wedge shows the intensity in the range between 0 and 10 Jy beam 1 km s 1.T h eb e a ms i z e(  FWHM = 2  ) is shown in the bottom right.
The dot-cross at the coordinate origin marks the position of Sgr A ,w h e r e(  J2000 = 17h45m40.037s,  J2000 =  29 00 28.11  )d e ﬁ n e st h eo r i g i no ft h ec o o r d i n a t e
system. The plus signs mark the positions from which the H30  line spectra in the beam are taken and a few additional sources discussed in the text. The red curves
are the Gaussian ﬁts (multiple components in some cases) obtained from a least-squares analysis. The spectra are labeled with the names of their corresponding IRS
sources.
cleaned with the Clark–Steer hybrid algorithm and convolved
to an FWHM beam of 2  ,f o rc o m p a r i s o nw i t ho t h e rd a t aa tt h e
same resolution.
2.4. IRAM H30  Line Data
We also used additional H30  data taken with the HERA
multibeam receiver on the IRAM 30 m telescope, with
11   beams, in order to calculate the global parameters for
the region. Based on the intensity of integrated H30  line emis-
sion in a lower-angular-resolution ( 4  )i m a g ec o n s t r u c t e db y
combining the SMA data with the IRAM 30 m data, we sepa-
rated Sgr A West into two components: A, the bright minispiral
features of the Northern and Eastern Arms (
 
SH30 dV   5J y
beam 1 km s 1)t h a tt r a c et h eh i g h - d e n s i t yi o n i z e dg a s ,a n dB ,
the residuals of Sgr A West after subtracting the emission from
A. These results are in Table 2.
3. RESULTS
3.1. Physical Conditions of the Ionized Gas
in the Central Parsec
The overall radio properties of the observed region (Sgr A
West; 80   45  )determinedfromtheH30 ,H92 ,and22GHz
continuum images are summarized in Table 2.
3.1.1. Distribution of H30  Line Emission and IR Sources
Figures 1 and 2 show the H30  line data in the central
parsec. Figure 3 shows a comparison between the SMA H30 1100 ZHAO ET AL. Vol. 723
Table 2
The H30  &H 9 2   Line Measurements
Region Radio Properties in IRS Regions
     S H30  S22 GHz
SH30 
S22 GHz
SH92 
S22 GHz
SH30 
SH92 
VLSR
a  VFWHM
a
(arcsec) (arcsec) (Jy beam 1)( J y b e a m  1)( k m s  1)( k m s  1)
IRS 1W 5.27 0.57 0.21 ± 0.008 0.16 ± 0.008 1.3 ± 0.08 0.06 ± 0.005 21 ± 11 4 ± 14 6 ± 2
IRS 10W 6.38 5.02 0.15 ± 0.018 0.10 ± 0.003 1.5 ± 0.19 0.07 ± 0.004 21 ± 16 9 ± 23 9 ± 5
IRS 5 8.53 9.63 0.10 ± 0.019 0.04 ± 0.006 2.5 ± 0.60 .1 ± 0.02 25 ± 21 1 5 ± 33 3 ± 8
IRS 16 2.30 –0.26 0.03 ± 0.005 0.08 ± 0.015 0.4 ± 0.10 .026 ± 0.008 15 ± 4  69 ± 10 141 ± 27
IRS 6 –6.37 1.00 0.12 ± 0.011 0.15 ± 0.006 0.80 ± 0.08 0.034 ± 0.003 23 ± 2  146 ± 51 0 9 ± 13
IRS13E –3.17 –1.53 0.08 ± 0.006 0.25 ± 0.030 0.32 ± 0.05 0.010 ± 0.002 32 ± 4  31 ± 38 6 ± 8
IRS 2L –3.57 –3.93 0.21 ± 0.011 0.23 ± 0.030 0.91 ± 0.13 0.031 ± 0.005 29 ± 1  269 ± 15 5 ± 3
IRS 12N –3.50 –6.80 0.04 ± 0.010 0.04 ± 0.002 0.76 ± 0.22 0.036 ± 0.013 21 ± 6  229 ± 74 0 ± 17
IRS 33 0.30 –2.65 0.04 ± 0.008 0.19 ± 0.024 0.21 ± 0.05 0.009 ± 0.003 24 ± 5  195 ± 12 126 ± 29
IRS 21 2.18 –2.83 0.08 ± 0.009 0.16 ± 0.018 0.50 ± 0.08 0.023 ± 0.005 22 ± 3  99 ± 48 0 ± 11
IRS 9W 2.85 –5.62 0.06 ± 0.007 0.11 ± 0.011 0.57 ± 0.09 ··· b ··· b 288 ± 46 0 ± 8
IRS 9 5.20 –7.30 0.08 ± 0.009 0.09 ± 0.009 0.85 ± 0.13 0.043 ± 0.008 20 ± 21 7 4 ± 58 4 ± 11
IRS 4 10.33 –5.98 0.07 ± 0.012 0.05 ± 0.006 1.4 ± 0.30 .07 ± 0.02 20 ± 31 6 4 ± 44 7 ± 10
IRS 28 10.60 –6.80 0.10 ± 0.010 0.07 ± 0.006 1.5 ± 0.20 .06 ± 0.01 25 ± 21 6 8 ± 44 9 ± 22
IRS 7 0.03 5.52 0.03 ± 0.010 0.15 ± 0.001 2.0 ± 0.60 .07 ± 0.03 28 ± 8  124 ± 10 29 ± 22
Minicavityg –1.75 –2.80 0.08 ± 0.006 0.18 ± 0.020 0.45 ± 0.07 0.016 ± 0.002 29 ± 26 ± 24 1 ± 4
Radio Properties of Sgr A West
Component
 
SH30 dV
 
SH92 dV S22 GHz Area
(Jy km s 1)( J y k m s  1)( J y ) ( a r c m i n 2)( p c 2)
Sgr A West totalc 1700 ± 300d 60 ± 71 6 . 3 ± 0.2 1.0 ± 0.15 .5 ± 0.5
Ae 300 ± 20 19 ± 27 . 1 ± 0.1 0.10 ± 0.01 0.55 ± 0.05
Bf 1400 ± 300 41 ± 79 . 2 ± 0.2 1.0 ± 0.15 .5 ± 0.5
Notes.
a Determined from the H30  line.
b No H92  data at the line velocity.
c The overall Sgr A West region (80     45  ).
d The line ﬂux determined from the IRAM 30 m observation.
e The bright H30  line emission region (the Northern and Eastern Arms in Figure 2).
f The residual of Sgr A West after taking out the contribution from component A.
g The line and continuum intensities listed in this row reﬂect averaged values of the emission from both the rim and the void of the minicavity in the 2   beam
that is similar to the diameter of the minicavity.
Figure 2. Distribution of the radial velocities determined from ﬁtting the peak
velocity of the H30  line image cube observed with the SMA in the central
40  region. The color scale denotes velocity from –360 to +345 km s 1.T h e
circular beam  FWHM = 2   is shown at the bottom right. The dot-cross at the
coordinate origin marks the position of Sgr A .
and the VLA H92  line spectra in the direction of selected
IR sources. For optically thin gas in local thermodynamic
equilibrium (LTE) with no pressure broadening, the ratio of line
peak intensity is RH30 
H92    SH30 /SH92     H30 / H92    28. A
detailedcomparisonoftheH30  linespectrafromtheSMAand
the H92  line spectra observed with the VLA yields line ratios
in most of the regions that are close to the expected LTE ratio,
suggesting that the ionized gas in the central parsec is optically
thin and under LTE conditions. In some regions, however (e.g.,
IRS 1W, 10W, 16, and 33), the observed ratios show signiﬁcant
departure from the expected LTE ratio.
3.1.2. Distribution of T 
e
The equivalent electron temperature, T  
e ,d e r i v e df r o mt h e
ratio of line-to-continuum emission under the assumption that
the optically thin gas is in LTE, can be estimated from our
measurements. In order to avoid contamination from both the
dust emission, which becomes dominant at higher frequencies,
and signiﬁcant synchrotron emission at lower frequencies, we
used the continuum data at 22 GHz, where the contributions
from both the synchrotron and thermal dust emission are
negligible relative to the free–free emission. Figures 4(a) and
(b) show the integrated H30  line image and radio continuum
image at 22 GHz, respectively. We assume that the continuum
emission at 22 GHz is entirely due to optically thin free–freeNo. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1101
(a): IRS 1W (b): IRS 10W (c): IRS 5
(d): IRS 16 (e): IRS 6 (f): IRS 13E
(g): IRS 2L (h): IRS 12N (i): IRS 33
(j): IRS 21 (k): IRS 9W (l): IRS 9
(m): IRS 4 (n): IRS 28 (o): IRS 7
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Figure 3. Comparison of the H30  line spectra (red) with the VLA H92  line spectra (green) taken from the selected IRS source regions with a resolution of
 FWHM = 2  .T h eV L AH 9 2   spectra have been multiplied by a factor of  H30 / H92  = 28. The vertical bars indicate the uncertainty of 3 .
(A color version of this ﬁgure is available in the online journal.)
emission and scale its intensity to 231.9 GHz, according to the
power law   0.1,i . e . ,af a c t o ro f0 . 7 9 .U s i n gE q u a t i o n( 1)b e l o w
(Wilson et al. 2009), we determined the value of T  
e ,
T  
e
K
=
 
6985
a( ,Te)
   
GHz
 1.1 1
1+N(He)/N(H)
 
 
SC
SL VFWHM
  0.87
, (1)
where   is the frequency, SL is the line ﬂux density, SC is the
continuum ﬂux density,  VFWHM is the line width (FWHM),
and only Doppler broadening is involved, N(He)/N(H) is the
number density ratio, which we take to be 0.08, and  ( ,Te)  
0.97 (at   = 22 GHz and Te,t h ee l e c t r o nt e m p e r a t u r e , 104 K)
is the correction to the Mezger & Henderson (1967)p o w e r -
law approximation. The angular distribution of T  
e is shown in
Figure 4(c). T  
e varies from 7000 K to 10,000 K in most regions
of Sgr A West. However, in the Bar region (e.g., IRS 2L, IRS
12N,IRS13E,andIRS33),3   southeastofSgrA ,T  
e increases
to 15,000K.ThesigniﬁcantincreaseofT  
e intheBarhasalso
been derived from line observations of H92  (Roberts & Goss
1993)a n dH 6 6   (Schwarz et al. 1989).
3.1.3. Isothermal Homogeneous Hii Model
Since the observed quantities of line and continuum inten-
sities depend on the density, temperature, and path length of
Hii gas, we can construct a model and ﬁt the data to it over
aw i d ef r e q u e n c yr a n g ei no r d e rt od e t e r m i n et h ep a r a m e t e r s
of the ionized gas. In particular, with the high-resolution data
obtained from interferometer observations, uncertainties due to
variations in structure and the physical parameters across the
source are substantially reduced. Thus, the results from such
an analysis become more reliable. Models for RRL emission
from the nuclear region of external galaxies have been dis-
cussed by Puxley et al. (1991), Anantharamaiah et al. (1993),1102 ZHAO ET AL. Vol. 723
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Figure 4. (a) Integrated H30  line emission observed at 1.3 mm with the SMA. (b) Radio continuum image made from VLA observations at 1.3 cm with a resolution
of  FWHM = 2  .T h er a d i oe m i s s i o na s s o c i a t e dw i t hS g rA   and the X-ray transient (J174540.0290031) has been removed, but the position of Sgr A  is marked by
the dot-cross at the coordinate origin in each of the ﬁgures. (c) Pseudo-color shows the LTE temperature (T  
e ) derived from images of H30  line emission and radio
continuum based on Equation (1). (d) The image of the speciﬁc kinetic energy computed using the Keplerian orbital model described in Table 5 of Zhao et al. (2009).
The color scale shows the speciﬁc kinetic energy in units of 1014 erg g 1. In Figures 3(c) and (d), the electron temperature (Te in 103 K) and the electron density (ne
in 103 cm 3) are shown at the positions of selected IR sources. These numbers are derived using the isothermal homogeneous H ii model with the non-LTE effects.
The results are tabulated in Table 3. The thick gray circles in (a)–(d) indicate the well-known minicavity region (Yusef-Zadeh et al. 1989); the black circles in (c) and
(d) indicate high temperature regions.
(A color version of this ﬁgure is available in the online journal.)
Anantharamaiah et al. (2000), Zhao et al. (1996), Zhao et al.
(1997),Phookunetal.(1998),andRodriguez-Ricoetal.(2004).
They found that the main constraints for the models are the in-
tegrated RRL strength at multiple frequencies and the observed
radio continuum spectrum. The observed quantities (line and
continuum intensities) depend in a nonlinear way on the distri-
bution of Te and ne,t h ee l e c t r o nd e n s i t y ,b o t ha l o n gt h el i n eo f
sight and across the telescope beam. In the cases of the extra-
galactic nuclear regions, at a given frequency, the line emission
often arises from Hii components under the physical conditions
that are particularly favorable at this particular frequency. Usu-
ally, multiple collections of Hii regions with different physical
parameters are required to ﬁt the observations.
Both the SMA and VLA data achieve angular resolution (2  ,
 0.1pc)adequatetoresolv ethe 1pcminispiralstructure.The
effects due to changes of physical parameters across the source
are therefore less signiﬁcant. However, the electron temperature
anddensitycouldpossiblychangealongthelineofsight;Te and
ne derived from the simple isothermal and homogeneous model
correspond, therefore, to average physical properties of the HiiNo. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1103
gas in the telescope beam. If the Hii gas in the beam along the
path length is isothermal and homogeneous, then the line and
continuum ﬂux densities from a region subtending a solid angle
  are given by (e.g., Shaver 1975)
SL =
2k 2
c2  Te
  
 L/ n +  C
 L +  C
 
(1   e ( L+ C))   (1   e  C)
 
,
(2)
and
SC =
2k 2
c2  Te(1   e  C), (3)
where k is Boltzmann’s constant, c is the speed of light, and the
line ( L)a n dc o n t i n u u m(  C)o p t i c a ld e p t h sa r eg i v e nb y
 L   575bn n
   
GHz
  1   ne
cm 3
 2
 
 
LfV
pc
  
Te
K
  5/2  
 VD
kms 1
  1  
1+1 .48
 VP
 VD
  1
,
(4)
and
 C   0.08235
  ne
cm 3
 2  
LfV
pc
    
GHz
  2.1
 
 
Te
K
  1.35
a( ,Te), (5)
respectively.bn and n arethepopulationdeparturecoefﬁcients,
ne is the electron density,  VD and  VP are the FWHM Doppler
and pressure line widths in km s 1,r e s p e c t i v e l y ,L is the path
length, and fV is the volume ﬁlling factor. Note that the last
factor in Equation (4)p r o v i d e sac o n v e n i e n ta p p r o x i m a t i o n
for the transition between the pure Doppler and pure pressure-
broadened cases.
The Doppler broadening has a thermal and turbulent compo-
nent and is given by
 VD =
 
8ln(2)kTe
MH
+(  Vt)2, (6)
whereMH isthemassofhydrogenand Vt istheturbulentwidth,
which here includes microscopic turbulence and dynamical
velocity gradients. In the central parsec, the thermal width
( Vth =
 
8ln(2)kTe
MH )i sl e s st h a nt h et u r b u l e n tw i d t h(  Vt).
The line width due to pressure broadening, computed by
Brocklehurst & Leeman (1971), is given by
 VP = 1.7   10 18 ne
T 0.1
e
N7.4 kms 1, (7)
where N is the principal quantum number of the transition. The
total line width is approximately the quadratic sum of  VD and
 VP,
 VFWHM   =
 
( VD)2 +(  VP)2. (8)
 VFWHM isanobservablequantity.Wesolvedfortheparameters
Te, ne,  Vt,a n dLfV for each point in the image in the following
way. Since  VP    Vth <  Vt for reasonable values of Te
and ne,w ea s s u m ei n i t i a lv a l u e so fTe and ne,a n ds o l v ef o r
 Vt via Equations (6)–(8). We computed the values for bn
and  n for the assumed values of Te and ne using the NLTE
code of Gordon & Sorochenko (2002), which followed the
analysis of Walmsley (1990). We then formed the ﬂux density
ratios RH30 
22 GHz   SH30 /S22 GHz, RH92 
22 GHz   SH92 /S22 GHz,a n d
RH30 
92    SH30 /SH92 .T h eu s eo ft h e s er a t i o se l i m i n a t e st h e
solid angle   in Equations (2)a n d( 3). At each point in the
image, we used these ratios to solve for Te, ne,a n dLfV.W e
then iterated the process, i.e., solved for a new estimate of  Vt
with these values of Te and ne.T h ep r o c e s sc o n v e r g e di naf e w
iterations.
The parameters derived for the line of sight for each of the
regions are summarized in Table 3.I n s t e a do fLfV,w er e p o r tt h e
EM (EM = n2
eLfV). The ratio Te/T 
e is given in Column 6,
which mainly corrects for the effect due to underpopulated
electrons at the level N = 30 as compared to that expected
under the LTE; the ratio  Vt/ VFWHM in Column 7; and
 V H92 
P / V TH
D ,t h er a t i oo ft h eH 9 2   line width of pressure
broadeningtothatofthermalDopplerbroadening,inColumn 8.
The pressure broadening term ( V H30 
P )i sn e g l i g i b l e .
The uncertainties in the physical parameters mainly come
from the uncertainties in the measurements. Although the rela-
tion between the physical parameters and observable quantities
is nonlinear, we assess the errors through linear approximation.
We use the optically thin assumption, which appears to be valid
at the frequencies used in this paper. The fractional uncertainty
in Te,w h i c hi sp r o p o r t i o n a lt ot h ef r a c t i o n a lu n c e r t a i n t i e so f
the measured ratios, RH30 
22 GHz and RH30 
H92 ,l i e si nt h er a n g ef r o m
7% for IRS 1W to 39% for IRS 12N. The fractional uncertainty
in ne is dominated by those of observed line ratios RH30 
H92  and
ranges from 6% for IRS 1W to 36% for IRS 12N.
The variations of the H30  line intensities reﬂect the changes
ofexcitationconditionsintheregion.Ourmodelﬁttingsuggests
that, given similar solutions in ne and Te,t h el a r g ed i f f e r e n c ei n
the H30  line intensity between the two extreme regions (IRS
1W and IRS 7) is mainly due to the difference of the EM or the
path length along the line of sight (see Table 3).
In short, the line ratio of H30  to H92  varies from 15 ± 4
to 32 ± 4. The derived mean values of the line optical depth are
 L(H30 ) =  0.001 and  L(H92 ) =  0.006 with standard
deviations of   L(H30 ) = 0.0004 and   L(H92 ) = 0.005 from
the corresponding emission regions. The free–free optical depth
at the H30  line frequency  C(231.9GHz)variesfrom1 10 4
to 1 10 5 while  C(8.3GHz) is in the range between 0.16
and 0.01. Because of the small optical depths in both line and
continuum,thenon-LTEeffectsintheminispiral,ingeneral,are
not critical.
There is a diffuse nonthermal synchrotron component in the
central parsec region (Ekers et al. 1983). Based on the ﬂux
density of 22 Jy at 20 cm in the central 40     70   from Ekers
etal.(1983),weestimatedthatthecontributiontothecontinuum
ﬂux density in a 2   beam is  10 mJy under the assumption that
the nonthermal spectral index      0.5( S      )a n dt h e
emission are evenly distributed. The optical depth of the H92 
lineissmall( L   0.01).Thecontributionfromthestimulated
H92  emission of  0.1m J yi si n s i g n i ﬁ c a n ti nt h er e g i o n s
discussed in this paper. The contribution from the stimulated
line emission by the dust emission at 232 GHz is negligible
because of the small optical depth of the H30  line.
TheobservedlinewidthsoftheHiigasintheminispiralarms
at the Galactic center are dominated by  Vt,w h i c hi sc o n s i s t e n t
with velocity gradients due to gas motion around Sgr A  or the
SMBH being primarily responsible for the broadening in the
line proﬁles observed in the 2   beam.1104 ZHAO ET AL. Vol. 723
Table 3
Physical Conditions of Ionized Gas in IRS Regions
Region Te ne EM  C(22GHz)
 
Te
T  
e
 a  
 Vt
 VFWHM
   
 V H92 
P
 V TH
D
 b
(103 K) (104 cm 3)( 1 0 7 cm 6 pc) (10 3)
IRS 1W 6.7 ± 0.56 .0 ± 0.41 .8 ± 0.11 4 . ± 1.10 . 7 1 0 . 8 8 0 . 8 2
IRS 10W 6.8 ± 0.65 .3 ± 0.41 .1 ± 0.18 .5 ± 1.00 . 7 1 0 . 8 5 0 . 7 2
IRS 5 5.0 ± 1.17 .2 ± 1.20 .4 ± 0.14 .7 ± 1.30 . 6 8 0 . 7 8 1 . 2
IRS 16 6.7 ± 2.02 .7 ± 0.70 .8 ± 0.26 .4 ± 2.70 . 6 8 0 . 9 9 0 . 3 7
IRS 6 5.0 ± 0.61 1 . ± 1.11 .6 ± 0.11 8 . ± 2.30 . 7 1 0 . 9 6 1 . 8
IRS 13E 12. ± 2.52 1 . ± 3.63 .2 ± 0.51 2 . ± 1.90 . 8 4 0 . 8 4 2 . 0
IRS 2L 8.5 ± 1.31 4 . ± 1.42 .7 ± 0.41 6 . ± 2.90 . 7 8 0 . 8 0 1 . 7
IRS 12N 12. ± 4.72 .8 ± 1.00 .5 ± 0.21 .8 ± 0.60 . 7 7 0 . 8 0 0 . 2 7
IRS 33 13. ± 3.31 0 . ± 3.02 .6 ± 0.38 .5 ± 1.80 . 8 1 0 . 9 7 0 . 9 2
IRS 21 10. ± 1.88 .5 ± 1.32 .0 ± 0.39 .1 ± 2.00 . 7 8 0 . 9 4 0 . 9 2
IRS 9W 11. 12. 0.8 18 1.3 1.3 5.5 4.9 0.74 0.83 0.76 0.93 1.7 0.08
IRS 9 5.7 ± 0.96 .4 ± 0.81 .0 ± 0.29 .7 ± 1.80 . 6 9 0 . 9 7 0 . 9 7
IRS 4 5.8 ± 1.35 .0 ± 1.00 .5 ± 0.14 .8 ± 1.40 . 6 8 0 . 9 1 0 . 7 5
IRS 28 5.6 ± 0.88 .9 ± 1.00 .7 ± 0.16 .8 ± 1.10 . 7 1 0 . 8 6 1 . 4
IRS 7 7.0 ± 2.58 .8 ± 2.70 .2 ± 0.11 .2 ± 0.50 . 7 4 0 . 6 4 1 . 2
Minicavity 9.3 ± 0.98 .5 ± 0.72 .0 ± 0.31 0 . ± 2.00 . 7 7 0 . 7 8 0 . 9 6
Notes. a Te
T  
e   [b30(1   1
2 30 C(232 GHz)]0.87   b0.87
30 for a very small value of  C(232 GHz) in a region at the Galactic center.
b  V TH
D =
 
8ln(2)kTe
MH is the thermal Doppler line width.
3.1.4. Northern and Eastern Arms
The ionized gas of the high-density components in the
Northern and Eastern Arms has a mean kinetic temperature
of T e   6   103 Ka n da ne l e c t r o nd e n s i t yo fne in the range
of 104–5 cm 3,w h i c hi sc o n s i s t e n tw i t ht h ev a l u e s( 1 0 4 cm 3)
derivedfromPa  lineemissionat1.87µm(Sco villeetal.2003)
for a given uncertainty in extinction corrections in the near-IR.
The Hii gas properties in the Northern and Eastern Arms are
similar to these in Hii regions around young and/or evolved
massive stars.
3.1.5. The Bar
We conﬁrm that the ionized gas in the Bar (e.g., IRS 2L,
IRS 12N, IRS 13E, and IRS 33 in Table 3)a p p e a r st oh a v e
ah i g h e rk i n e t i ct e m p e r a t u r ei nt h er a n g eo f8 .5   103 K
  Te   1.3   104 K, as suggested by earlier RRL observations
(Roberts & Goss 1993). The electron density shows a range
from a few times 104 to a few times 105 cm 3.
The heating process may be complicated in the Bar because
of complex gas interactions. There are several energy sources in
the region. First, strong winds from the central stellar clusters
such as IRS 16 and IRS 13 could provide kinetic energy to
compress the ionized gas in this region. The heating due to the
interaction between the winds and the ionized gas in the Bar
likely occurs in the regions localized to the cluster sources.
Inaddition,thewell-knownminicavity(markedwiththegray
circle in Figures 4(a) and (b)), a region depressed of radio
continuum, is located 3.   5s o u t h w e s to fS g rA   (Yusef-Zadeh
et al. 1989). This region is likely created by a fast wind outﬂow
from the sources in the vicinity sweeping up the gas in the
orbiting ionized streams, as suggested by the morphology of a
bright [Feiii]l i n ei nt h ei n f r a r e d( L u t ze ta l .1993). However,
the minicavity is a few arcsec displaced from the high-kinetic-
temperature region, which in fact is best seen as a depression
associated with H30  line emission. The minicavity can also be
explained by Melia et al. (1996)a sad o w n s t r e a m ,f o c u s e dﬂ o w
due to the accretion by the SMBH at Sgr A .
Alternatively, the high temperature in the Bar could result
from a collision between two ionized orbiting ﬂows, as sug-
gested in the dynamical model of Zhao et al. (2009). A com-
putation using their Keplerian orbital model (see Section 3.2)
shows that the speciﬁc kinetic energy reaches a maximum (see
Figure 4(d)) in the Bar region where high kinetic temperatures
(see Figure 4(c)) are observed. The distribution of speciﬁc ki-
netic energy (Figure 4(d)) shows a substantial increase from
2   1014 erg g 1 at a region near IRS 5 in the Northern Arm
to 12   1014 erg g 1 at IRS 33 in the Bar. However, we note
that a high kinetic energy of the orbiting ﬂow does not have to
correspond to a high kinetic temperature; the ionized ﬂows can
release their kinetic energy to shocks if the ionized ﬂows collide
with each other. If they collide with the strong stellar winds
from the clusters of stars in the Bar area, then the gas could
be heated by the shocks to higher temperatures. In addition,
the model also shows that the ionized ﬂows of the Northern
and Eastern Arms do collide at the region with high kinetic
temperatures (see Figure 21(d) of Zhao et al. (2009)a n dt h e
three-dimensional structure of the minispiral arms in Figure 5).
The observed high kinetic temperatures in the Bar suggest that
the ionized gas could be further heated by the shocks generated
from the collision.
3.2. Kinematics and Dynamics
Kinematics of the ionized gas in both the Northern Arm
and Western Arc have been explained as Keplerian circular
motion of a circumnuclear ring (Schwarz et al. 1989;L a c ye ta l .
1991;V o l l m e r&D u s c h l2000;L i s z t2003). Based on the VLA
observations of H92 ,R o b e r t s&G o s s( 1993)f o u n dt h a tt h e
ionized ring consists of three separated kinematic components,
the Western Arc, Northern Arm, and Bar. The radial velocities
of the Western Arc can be ﬁtted with a Keplerian model with
circular motion. Using the observations of the Brackett-  line,
Paumard et al. (2004)f o u n dt h a tt h ek i n e m a t i c so ft h ei o n i z e d
gas in the Northern Arm can be explained as a bundle of
ellipticalorbits.Inaddition,theEasternArmmaybeinterrupted
by a high-velocity component “tip.” Also, the Bar componentNo. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1105
Figure5.Three-dimensionalviewoftheminispiralstructureandvelocityalong
eachoftheminispiralarmsinthenucleusoftheGalaxycenteredatSgrA  (black
dot), which are computed using the Keplerian model described in Zhao et al.
(2009). The orbital parameters were derived from ﬁtting the VLA H92  line
data and are summarized in Table 5 of Zhao et al. (2009). The arrows indicate
the direction of the ionized ﬂows along the orbits. The color illustrates the radial
velocity between  250and+250kms 1 (colorwedgeattop).Thegrayshadow
indicates the loci of the ionized ﬂows projected on the sky plane.
(A color version of this ﬁgure is available in the online journal.)
extends to the IRS 6/34 region, which is affected by two other
kinematicfeatures,the“WesternBridge”andthe“BarOverlay.”
The VLA observations of the H92  line suggest that the loci
of the three minispiral arms can be ﬁtted with three families
of elliptical orbits; the orbits of both the Northern and Eastern
ArmshavehigheccentricitieswhiletheWesternArcisinnearly
circular motion (Zhao et al. 2009). The VLA measurements
of the proper motions and the radial velocity resolved the
degeneracies in the inclination angles, suggesting that the two
ionized ﬂows from the Northern and Eastern Arms collide in
the Bar region.
Ontheotherhand,Muˇ zi´ cetal.(2007)suggestedthatthenon-
Keplerian motions might be important in the kinematics of the
ﬁlaments observed near Sgr A .I na d d i t i o n ,V o l l m e r&D u s c h l
(2000)n o t i c e dt h a tas u b s t a n t i a la m o u n to fv e l o c i t yd i s p e r s i o n
along with additional inward radial motion is required in order
to ﬁt the observed velocities of the ionized ﬂows with their
Keplerian circular-orbit model.
3.2.1. Three-dimensional View of the Minispiral Structure
and the Circumnuclear Disk
Using the Keplerian model described in Zhao et al. (2009)
along with the orbital parameters derived from ﬁtting the VLA
H92 dataandpropermotionmeasurements,werecomputedthe
three-dimensional locations of the three ionized arms. Figure 5
shows a three-dimensional visualization of the three ionized
ﬂows in the Northern, Eastern, and Western Arms (Arc), which
illustrates that the Northern Arm and Western Arc are nearly
coplanar based on the similar longitudes of their ascending
nodes ( )a n di n c l i n a t i o na n g l e s( i)d e r i v e df r o mﬁ t t i n gt h e
loci of the ionized ﬂows. The mean values of the two orbital
angles,   = 71  ± 6  and i = 119  ± 3 , are inferred for the
two coplanar orbits (Northern Arm and Western Arc), which
form the ionized ring. The orbital plane of the ionized ﬂows
appears to be aligned with the plane of the circumnuclear disk
(CND) derived by G¨ usten et al. (1987)f r o mm o l e c u l a rl i n e
observations. If the ﬁtted parameters from both the molecular
lines (G¨ usten et al. 1987)a n dh y d r o g e nr e c o m b i n a t i o nl i n e s
(Schwarz et al. 1989;L a c ye ta l .1991;R o b e r t s&G o s s1993;
Vollmer & Duschl 2000;L i s z t2003;Z h a oe ta l .2009)a r e
correct, the Keplerian motions dominate the kinematics in the
central parsec, and the plane of the main nuclear gaseous
disk or the CND can be described by the mean orbital angles
inferred above. Therefore, the orbital plane of the Eastern Arm
(i = 122  ± 5  and  =  42 ±11 )isnearlyperpendicularto
that of the CND. Figure 5 shows that the Eastern Arm ﬂow runs
into the CND from the northeast and the near side with respect
to Sgr A  and collides with the Northern Arm ﬂow in the region
located south and behind Sgr A .
3.2.2. Kinematics and Keplerian Motions
Figure 6 shows the spectra taken from 12 positions along
each of the two ionized arms (shown in Figure 7). The observed
spectraarecomparedwiththeradialvelocities(thickgreenbars)
derived from the Keplerian model. Note that we assume that the
LSRvelocityoftheblackhole,Vz,is0towithin±5kms  1 (see
discussion in Gillessen et al. 2009). In general, the kinematics
of the ionized gas follow the Keplerian orbital motion expected
for the gravity of the SMBH (4.2   106 M )a tS g rA  .M o d e l s
of the enclosed mass (see Oh et al. 2009)s h o wt h a tt h ea d d e d
enclosed mass starts to rise above the black hole’s mass starting
at a radius of 0.3 pc (7  )f r o mS g rA  .A tar a d i u so f1p c( 2 4   )
fromSgrA ,nearthetipoftheminispiralseeninprojection,the
enclosed mass has nearly doubled, to about 8   106 M .T h u s ,
for a given circular orbit with a radius of 1 pc, the actual orbital
velocitywouldbeabout1.4timeshigherthaninapureKeplerian
approximation based on the mass of the black hole only. Apart
from this effect, however, in several regions the radial velocities
deviate even more signiﬁcantly from those predicted from the
Keplerian model.
3.2.3. Non-Keplerian Components
In the northwest end of the Eastern Arm near the location
E17 (Figure 7(a)), a feature with radial velocities blueshifted
up to   200 km s 1 shows a large deviation from the value of
  100 km s 1 predicted by the Keplerian model (Figure 6).
From Paumard et al. (2006), we ﬁnd that at least ﬁve massive
stars—IRS 34W (Ofpe/WN9), IRS 34E (O9–9.5I), IRS 34NW
(WN7),IRS7SW(WN8),andIRS3E(WC5/6)—arelocatedin
ar e g i o nw i t har a d i u so f2 .   2( i n d i c a t e dw i t hal a r g eb l a c kc i r c l e
near region E16 in Figure 7(a)), referred to as IRS 34 hereafter.
Except for IRS 3E, which has no proper motion measurements,
the proper motion data of the remaining four stars (Paumard
et al. 2006)s h o wt h a tt h es t a r sa l lm o v es o u t h w e s tt o w a r dt h e
ionized ﬂow with a mean transverse velocity of 185 km s 1
(P.A. = –134 ) (as shown by an arrow in Figure 7(a)). We
compare the radial velocity of the stars with the spectrum (inset
(c) in Figure 7(a)) of the H30  line emission integrated from
the IRS 34 region. The four stars besides IRS 3E show negative
radialvelocitiesintherange–150kms 1 to–340kms 1,which
isblueshiftedwithrespecttothepeakvelocity( 146±4kms  1)
of the broad ( VFWHM = 160 ± 8k ms  1)s p e c t r a lf e a t u r e .T h e
stellar winds from the Wolf-Rayet (WR) stars, evolved from
early-type O-stars with mass-loss rate of 10 5M  yr 1,a p p e a r
to play a considerable role in the local kinematics. The strong
stellar winds with velocities up to a few times 103 km s 1 could
sweep up the ionized ﬂow of the Eastern Arm, causing the
peculiar velocities and the velocity gradient across the Eastern
Arm at the northwest end. In fact, the motions of the ﬁlaments
associated with the minispiral found by Muˇ zi´ ce ta l .( 2007)i n
infrared also suggest that a model of purely Keplerian motions1106 ZHAO ET AL. Vol. 723
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Figure 6. Left: spectra of the H30  line taken along the Northern Arm. Right: spectra of the H30  line taken along the Eastern Arm. The locations where the spectra
were taken are shown in Figure 7. The thick green bars mark the radial velocities along the Northern and Eastern Arms computed using the Keplerian model with the
orbital parameters given in Table 5 of Zhao et al. (2009), assuming that the mass of the SMBH is 4.2   106M  and its radial velocity Vz = 0k ms  1 with respect
to the LSR. The thin blue bars (in panels E12, E16, and E17) indicate peculiar velocities possibly due to interactions with the strong stellar winds fromt h en e a r b y
WR stars (see Section 3.2.3). Note that the spectrum marked “E13” and shown in red in both columns comes from a common position, with the appropriate Keplerian
velocity marked for each arm.
(A color version of this ﬁgure is available in the online journal.)No. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1107
N6
N7
N8
N9
N10
N11
N12
N13
N14
E13 N16 N17
E6
E7
E8 E9 E10 E11
E12
E14
E15
E16
E17
N6
N7
N8
N9
N10
N11
N12
N13
N14
E13 N16 N17
E6
E7
E8 E9 E10 E11
E12
E14
E15
E16
E17
(a)
(b)
IRS 7SW
34E
34W
34NW
3E
c. IRS34
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Figure 7. Comparison between the observed radial velocities (a) and those
computed from the Keplerian model (b). The black circles along the two spiral
arms mark the locations of the H30  spectra displayed in Figure 6.T h er e d
circle indicates the high temperature region. The dot-cross marks the position of
SgrA  atthecoordinateorigin.Theinset(c)isthelinespectrumofH30  toward
the IRS 34 region indicated with a large black circle, which includes the ﬁve
massive stars IRS 7SW (WN8), IRS 34W (Ofpe/WN9), IRS 34E (O9–9.5I),
IRS 34NW (WN7), and IRS 3E (WC5/6) (Paumard et al. 2006). The mean
proper motion of the ﬁrst four stars (and a ﬁfth star without proper motion data)
is indicated with an arrow near the E16 region in (a). The radial velocities of the
ﬁve stars are marked with bars in inset (c). The proper motion of the IRS 9W
star (WN8) from Paumard et al. (2006)i si n d i c a t e dw i t ha na r r o wn e a rt h eE 1 2
region in (a). The inset (d) shows the H30  line spectrum toward an anomalous
feature ( 1.   5a n d0 .   5) northwest of Sgr A  and 1   north of  .
(A color version of this ﬁgure is available in the online journal.)
of the gas is inadequate and the ﬁlaments could be due to the
interaction of a fast wind with the minispiral.
In the tip region (Paumard et al. 2004)w i t hp e c u l i a rr a d i a l
velocity that deviates signiﬁcantly from the Keplerian velocity
by +150 km s 1 (see panel (E12) in Figures 6 and 7(a) and
(b)), there is also a WN8 star, IRS 9W. The radial velocity
(+140 km s 1)o fI R S9 W( P a u m a r de ta l .2004) is similar to
that of ionized gas in the Eastern Arm. A comparison between
the stellar transverse velocity of 215 km s 1 (P.A. = 51 )a n d
that of 304 km s 1 (P.A. = –67 )p r e d i c t e df r o mt h eK e p l e r i a n
model for the ionized ﬂow at the location of IRS 9W suggests
that the star does not follow the orbit of the Eastern Arm but
may run across the Eastern Arm. Then, the high-radial-velocity
tip is likely to be the part of the gas in the ionized ﬂow that is
compressed and accelerated by the suspected strong wind from
the IRS 9W star. The velocity discontinuity at the tip may be
evidence for the presence of shocks in the region.
In addition, deviations from Keplerian motions are also
observedintheBarregion.Thenon-Kepleriankinematicscould
be attributed both to the interaction between the ionized ﬂows
in the Northern and Eastern Arms and to the interaction of
the ionized ﬂows with the strong winds from the massive star
clusters (the IRS 16 and IRS 13 clusters, for example). Well-
organized polarized emission from magnetically aligned dust
grainsinthecentralparsechasbeenobserved(Aitkenetal.1991,
1998; Glasse et al. 2003), suggesting a magnetic ﬁeld strength
of  2m G .T h ec o r r e s p o n d i n ge n e r g yd e n s i t i e si nt h em a g n e t i c
ﬁelds are  1.6   10 7 erg cm 3,a b o u tt w i c el a r g e rt h a nt h e
thermal energy densities in the ionized gas (Te   7   103 K
and ne   6   104 cm 3 at IRS 1W) but 2 orders of magnitude
less than the kinetic energy densities of the orbital motions.
The magnetic ﬁelds frozen in the ionized streamers cannot
substantially alter the bulk motions of the gas but produce
some cumulative magnetohydrodynamic (MHD) effects, such
as orbital compression of the streamers as implied from the
observedevidencefortheconvergence ofﬁeldlinesnearSgrA 
(Glasse et al. 2003), and a helix of a natural morphology for a
twisted magnetic ﬁeld frozen into a plasma as observed in the
Northern Arm (Yusef-Zadeh et al. 1989;Z h a oe ta l .2009). In
the region close to Sgr A ,t h em a g n e t i cﬁ e l dp r o b a b l yb e c o m e s
stronger, and the MHD effects may also play a signiﬁcant role
in the kinematics of the ionized ﬂows.
An interesting anomalous feature located  2   northwest of
Sgr A  can be seen in the integrated H30  line intensity image
(Figure1).Theradial-velocityimage(Figure2)indicatesalarge
velocity gradient across this feature. The H30  line spectrum
(inset (d) in Figure 7)s u g g e s t st h a tt h i sf e a t u r ei sc o m p o s e do f
at least three spectral components ( 4 )a tr a d i a lv e l o c i t i e so f
160 km s 1,3 9k ms  1,a n d– 2 5 0k ms  1,w i t hal i n ew i d t h
of  50 km s 1,at y p i c a lv e l o c i t yw i d t ho ft h ei o n i z e dg a si n
the minispiral arms. We note that there is a compact continuum
source called   (Yusef-Zadeh & Morris 1991), located 1   south
of this anomalous feature, corresponding to a hole in the H30 
line images (e.g., Figures 1 and 7(a)). The source   appears
to be moving away from Sgr A  with a transverse velocity of
340 km s 1 (Zhao et al. 2009), which has been interpreted as
theconﬂuence ofgravitationallyfocusedwindsfromtheIRS16
cluster (Wardle & Yusef-Zadeh 1992). The H30  line property
of the anomalous feature appears to be consistent with the
focused-wind model, suggesting that the velocity components
in the anomalous feature correspond to ionized blobs of the
minispiral arms that have been blown out of the region   due to
the high pressure of the conﬂuent stellar winds. However, given
the closeness to Sgr A ,t h ed e t e c t i o no ft h i sf e a t u r en e e d st ob e
further conﬁrmed with higher-sensitivity observations.
Finally, in the locations with large angular offsets from
Sgr A ,w en o t i c e dt h a tt h ed e v i a t i o n si nr a d i a lv e l o c i t yf r o m
the Keplerian motions become signiﬁcant for the Northern Arm
(>50 km s 1), as shown in both Figures 6 and 7,w h i l ef o rt h e
Eastern Arm, the deviations are less signiﬁcant. The difference
in the deviation of the observed radial velocities from the
Keplerian velocities between the Northern and Eastern Arms
suggests that the distribution of mass has a preference for the
plane of the CND.1108 ZHAO ET AL. Vol. 723
4. IONIZATION
4.1. The High-density Gas in the Northern and Eastern Arms
We have shown that the H30  lines observed with the SMA
are excellent tracers of the high-density Hii components in the
Northern and Eastern Arms. Based on the observations and de-
rived physical parameters, we can estimate the ionizing photon
rate (Q = n2
e BV)r e q u i r e df o rm a i n t a i n i n gt h ei o n i z a t i o n si n
theseregionsforthecasewheretheionizedgasisopticallythick
in the Lyman lines and where  B is the ionization coefﬁcient,
and V    D2LfV is the volume of the ionized clumps. The
ionizing photon rate can be written as
Q(H) = 1.31   1045
 
 B(Te)
 B(104 K)
 
 
 
 B
arcsec
 2   ne
104 cm 3
 2  
D
8kpc
 2
 
 
LfV
10 3 pc
 
photonss 1, (9)
where  B is the resolution of the observations (beam) with
the assumption that source ﬁlls the beam and  B(Te), the total
recombination coefﬁcient to excited levels, is given by Hummer
&S e a t o n( 1963). We calculated the values of the inferred
ionizing photon ﬂux required to maintain the ionization of the
high-density components in the Northern and Eastern Arms as
wellastheHiimass(MHii)andexcitationparameter(U).Onthe
assumption that the Hii gas is internally ionized, the equivalent
zero-age main-sequence (ZAMS) starthat isthe ionizing source
was estimated. The internal-ionization model requires at least
 25 O9-type stars embedded and roughly evenly distributed in
both the Northern and Eastern Arms.
4.2. Ionizing Sources
We now examine where the known OB stars lie in the region.
Figure 8 shows the 90 massive stars within a radius of 14  
(0.5 pc) of Sgr A  identiﬁed by Paumard et al. (2006), among
which 55 are OB stars. The 14 OB stars within a radius of
0.   85 (0.03 pc) from Sgr A  are known as S stars. No obvious
correlations appear between the location of 41 OB stars outside
the radius of 0.   85 and the distribution of the high-density Hii
gas in the minispiral arms on the projected plane. If we assume
the average solid angle for the minispiral subtended to be  s,
then the required number of ionizing photons from the stars
will be
Q (H) = Q(H)(4 / s). (10)
If we assume 4 / s   10, then 250 O9-type stars are required.
For the lower-density (ne   8 102 cm 3)c o m p o n e n tB ,t h e
ionizedmassof 340M  isinferred,requiringaLymanphoton
ﬂux of 1.2   1050 photons s 1 or  100 O9-type stars (ZAMS).
The 250 O9-type stars required for externally maintaining the
ionization of the minispiral appear to be adequate in supplying
the leaking Lyman photons from the minispiral to further ionize
the lower-density component that pervasively distributes in the
region.Thus,theionizingsourcetomaintaintheionizationstate
of Sgr A West is equivalent to  250 O9-type stars (ZAMS).
Considering that a substantial amount of the ionizing photons
can be produced by the hot evolved massive stars and the survey
of Paumard et al. (2006)i si n c o m p l e t e ,t h e r em a yb ee n o u g h
stars to ionize the region.
Figure 8. Ninety massive stars of Paumard et al. (2006) are overlaid on the
H30  line image. Among the 90 massive stars, 14 OB stars (orange), known as
Ss t a r s ,a r el o c a t e dw i t h i nar a d i u so f0 .   85 from Sgr A  (white plus sign), 41
OB stars (white) are outside the S cluster, and the rest are Ofpe/WN9 WR stars
(green). The cross- and dot- circles represent the stars with proper motion data,
and the open circles indicate stars with no proper motion data.
(A color version of this ﬁgure is available in the online journal.)
The origin of the ionized minispiral arms and the birthplace
of the massive stars found in the central parsec are still matters
of conjecture. There are two possible models that may explain
the presence of the massive stars near the SMBH. First, the stars
formed elsewhere outside the central parsec and migrated to
the Galactic center (Gerhard et al. 2001). However, compared
with the age of the massive stars in the central parsec, it takes
too long for stars to move to the center from several parsecs
away by losing their orbital energy through dynamical friction
(PortegiesZwartetal.2003;Kim&Morris2003).Alternatively,
the stars may have formed near the SMBH by an unusual
astrophysical process, such as the fragmentation of a massive
disk rotating near the SMBH (Nayakshin et al. 2007). Recent
modeling and numerical simulations (Nayakshin et al. 2007;
Wardle & Yusef-Zadeh 2008;B o n n e l l&R i c e2008)s h o wt h a t
for an infalling giant molecular cloud (104–5 M )i n t e r a c t i n g
with an SMBH (1–3   106 M ), a small fraction of the gas
cloud becomes bounded to the black hole, forming an eccentric
disk that quickly fragments to form stars. The tidal disruption of
theself-gravitatingcloudsformedcoherentspiralstructures,i.e.,
the minispiral arms, which are ionized by the Lyman continuum
photons produced from the newly formed massive stars. Further
evidence for the existence of two counter-rotating stellar disks
is given in Bartko et al. (2009). New observations of the young
starburst cluster in the Galactic center (Bartko et al. 2010)
are consistent with the top-heavy initial mass function (IMF)
proposed by Bonnell & Rice (2008).
5. SUMMARY AND CONCLUSION
We report results from the SMA observations of the H30 
line emission from the Galactic center at a resolution of 2  .No. 2, 2010 THE IONIZED ISM IN THE CENTRAL PARSEC OF THE GALAXY 1109
We measured the velocity proﬁles over the central 60   (2 pc)
region around Sgr A .W ec a r r i e do u ta na n a l y s i so ft h el i n ea n d
continuumdatabasedonanisothermalhomogeneousHiimodel
for each component. With the constraints from the SMA H30 
dataat1.3mmandtheVLAH92  dataat3.6cmandcontinuum
dataat1.3cm,wedeterminedthephysicalconditionsofionized
gas in the Northern and Eastern Arms of the minispiral. We
foundthatthetypicalelectrondensityandkinetictemperaturein
the armsare 3–21 104 cm 3 and 5000–13,000 K, respectively.
The highest density of 2.1   105 cm 3 occurs in the IRS 13
region. Higher temperatures up to 13,000 K are found in the Bar
region. Both the H30  and H92  line proﬁles are broadened
due to large velocity gradients along the line of sight and across
the 2   beam produced by the dynamical motions near Sgr A .
For the H92  line, the line width due to pressure broadening
appearstobecomparabletothatofthermalDopplerbroadening,
while for the H30  lines, the pressure broadening is negligible.
Using the orbital parameters derived under the assumption
that the three minispiral ﬂows are in Keplerian motion, we
calculated the three-dimensional geometry of the minispiral
structure. We showed that the ionized ﬂows of the Northern
Arm and Western Arc are almost coplanar, and the plane of
the ionized ﬂow in the Eastern Arm is nearly perpendicular to
that of the Northern Arm and Western Arc. The Eastern Arm
ﬂow collides with the Northern Arm ﬂow in the Bar region
located0.1–0.2pcsouthofandbehindSgrA .Thehigh-kinetic-
temperature gas in the Bar is probably due to the heat in shocks
generated by collisions.
We compared observed radial velocities in the Northern and
Eastern Arms with those computed from the Keplerian model
with a mass of 4.2   106 M  of the SMBH at the position
of Sgr A .W es h o wt h a tK e p l e r i a nm o t i o nd o m i n a t e st h e
kinematics of the minispiral arms. In some regions, signiﬁcant
deviationsexistbetweentheobservedradialvelocitiesandthose
computed from the Keplerian model. Near the IRS 9W and IRS
34 regions, the observed peculiar velocities in the minispiral are
likely a result of the ionized gas being swept up by the strong
stellar winds from nearby WR stars.
At o t a lL y m a nc o n t i n u u mﬂ u xo f3  1050 photons s 1 is
needed to maintain the ionization of the gas in Sgr A West
with an inferred ionized mass of 350 M ,w h i c hr e q u i r e s 250
O9-type (ZAMS) stars. About 10% of the total number of UV
photons is required to externally maintain the ionization of the
high-density gas in the Northern and Eastern Arms, which have
an ionized mass of 12 M ,l e s st h a n5 %o ft h et o t a li o n i z e d
mass (Liszt 2003).
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